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Studies of C/EBPb-deficient mice have demonstrated a pivotal role for this transcription factor in
hematopoiesis, adipogenesis, and ovarian function. Here we show that C/EBPb is also essential for normal
development and function of the mammary gland. Ductal morphogenesis in virgin C/EBPb-deficient mice was
disrupted, with ducts displaying reduced growth and branching. To distinguish whether the effect of C/EBPb
deficiency on mammary epithelium is indirect or cell autonomous, we performed ovarian and mammary gland
transplants. Transplants of wild-type ovaries into mutant females partially restored ductal morphogenesis
during puberty but failed to support mammopoiesis during pregnancy. At term, mutant mice harboring
wild-type ovaries exhibited reduced alveolar proliferation and impaired epithelial cell differentiation, including
a complete absence of milk protein expression. Mammary gland transplant experiments demonstrated that
development of C/EBPb-deficient epithelium was defective within a wild-type stroma and host background.
Cell proliferation during pregnancy was reduced and differentiation, as measured by the activity of milk
protein genes, was inhibited. However, wild-type epithelium developed in a C/EBPb-deficient stroma. Thus,
C/EBPb plays an essential, cell autonomous role in the proliferation and differentiation of mammary secretory
epithelial cells and is required for the activation of milk protein genes.
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The C/EBPs (CCAAT/enhancer binding proteins) are a
family of transcription factors with diverse regulatory
functions. C/EBPa, b, and d are expressed in partially
overlapping patterns in many organs (Cao et al. 1991;
Williams et al. 1991), whereas C/EBPe is restricted to
cells of the myeloid lineage (Yamanaka et al. 1997b).
C/EBPg (Ig/EBP) is thought to have inhibitory functions
(Cooper et al. 1995) and is expressed at low levels in most
tissues and cell types (Roman et al. 1990). In cell culture
experiments, C/EBPa and C/EBPb are potent regulators
of cell proliferation and differentiation in hepatocytes,
adipocytes and myeloid cells (Johnson and Williams
1994).

The creation of mice with targeted disruptions of
c/ebp genes has led to a more detailed understanding of
the biological functions of the C/EBP proteins. Mice
lacking C/EBPa die shortly after birth because of re-
duced glycogen storage in the liver (Wang et al. 1995) and
display impaired development of granulocytes (Zhang et

al. 1997). C/EBPe null animals are viable but fail to pro-
duce mature neutrophils and eosinophils, and older mice
develop myelodysplasia (Yamanaka et al. 1997a). C/
EBPb-deficient mice exhibit multiple immune deficien-
cies (Screpanti et al. 1995; Tanaka et al. 1995), as well as
defective differentiation of adipocytes (Tanaka et al.
1997). In addition, C/EBPb-null females are sterile be-
cause of impaired ovulation and the absence of corpora
lutea resulting from a block during granulosa cell differ-
entiation (Sterneck et al. 1997). Fertility in these mice
can be restored by implanting wild-type ovaries. How-
ever, their offspring die shortly after birth and, despite
apparently normal suckling behavior, the pups do not
have milk in their stomachs (Sterneck et al. 1997). These
findings suggested that the C/EBPb mutation may also
affect mammary gland development or function.

Several c/ebp genes expressed in the mammary gland
are developmentally regulated during pregnancy and lac-
tation. C/EBPa and C/EBPb mRNAs are expressed in the
mammary gland of virgin animals. C/EBPa levels do not
change significantly during pregnancy and lactation,
whereas C/EBPb mRNA levels are induced during preg-
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nancy, decline slightly at midlactation, and increase
again within 48 hr of the onset of involution. C/EBPd
mRNA expression is generally low but increases dra-
matically at the onset of involution (Gigliotti and
DeWille 1998). C/EBPd expression also correlates with
growth arrest of mammary epithelial cells in culture
(O’Rourke et al. 1997).

Development of the mammary gland proceeds in dis-
tinct stages (Imagawa et al. 1994) and is controlled by an
interplay of steroid and peptide hormones (Topper and
Freeman 1980). Although a rudimentary anlage is formed
in the embryo, extensive morphogenesis of the gland
commences with puberty and the secretion of ovarian
steroid hormones. This period is characterized by rapid
elongation of the epithelial ducts, which penetrate the
mammary fat pad. In mature virgin mice the fat pad is
filled with evenly spaced primary ducts from which sec-
ondary ducts and smaller side branches emanate. Further
mammary development is induced during pregnancy un-
der the influence of prolactin and placental hormones.
During this period, rapid cell proliferation takes place
that leads to formation of secretory alveoli, terminal dif-
ferentiation of secretory alveolar cells, and synthesis of
large amounts of milk proteins. Expression of milk pro-
teins is initiated in a specific temporal sequence (Robin-
son et al. 1995). WDNM1, a secreted protein whose func-
tion is not known, is produced first and its mRNA can be
detected easily at 10 days of pregnancy. Two days later
mRNA for b-casein becomes detectable, whereas the
whey acidic protein (WAP) gene is expressed at detect-
able levels from day 15 onwards. These mRNAs thus
serve as markers for the differentiation state of the epi-
thelium (Robinson et al. 1995).

In the present study we have examined mammary
gland development in C/EBPb-deficient mice, and show
that glandular development is impaired in virgin, preg-
nant, and lactating animals. We have also used ovarian
and mammary gland transplantation experiments to as-
sess whether these defects originate from the mammary
epithelium or stromal compartment, or from possible
effects of altered ovarian hormonal signals. Both experi-
mental approaches mimicked unique physiological situ-
ations and revealed that functional mammary develop-
ment requires the presence of C/EBPb in the mammary
epithelium itself. Our studies demonstrate that mam-
mary epithelial cells require C/EBPb for proper prolifera-
tive and morphogenic responses during mammary gland
development, and for their differentiation to secretory
cells during pregnancy as demonstrated by the complete
absence of milk protein expression in C/EBPb-deficient
mammary glands.

Results

Expression of C/EBPb during normal mammary
gland development

The steady-state mRNA levels corresponding to differ-
ent C/EBP isoforms were measured at various stages
of mammary gland development (Fig. 1). Expression of

C/EBPa was highest in the virgin state and was main-
tained at a slightly lower level throughout pregnancy. In
contrast, expression of C/EBPb was lowest in the virgin
and increased throughout pregnancy. Whereas C/EBPb
expression has been described in several transformed or
immortalized mammary epithelial cells in culture as
well as in mammary epithelial tumors (Raught et al.
1995, 1996; O’Rourke et al. 1997), its role in adipose
tissue development and function is also well character-
ized (Tanaka et al. 1997 and references therein). There-
fore, the observed signal may be derived from both com-
ponents of the gland. The cyclophilin signal served as a
loading control.

Aberrant mammary gland development
in C/EBPb-deficient virgin mice

Extensive development of the mammary gland com-
mences at three weeks of age when mice reach puberty.
In C/EBPb-deficient mice a delayed ductal outgrowth
was observed as early as 3 weeks of age (Fig. 2). The
extent of ductal outgrowth is best evaluated from the
position of the terminal end buds in relationship to the
mammary lymph node. The lymph node lies distal to the
nipple from which the mammary ductal tree originates.
In three-week-old wild-type and hemizygous mice the
ducts had elongated close to the lymph node (Fig. 2A). In
contrast, the mammary ducts were shorter in C/EBPb-
deficient mice and had not reached the lymph node (Fig.
2B). The terminal end buds, which are club-shaped epi-
thelial thickenings, are the sites of most rapid cell pro-
liferation and ductal elongation at the distal ends of
growing ducts. They have a characteristic architecture
with central body cells surrounded by a distinctive layer
of cap cells. In both control and C/EBPb-deficient mice
the histology of the terminal end buds appeared normal
(data not shown). In mature wild-type mice, extensively
branched ducts occupy the mammary fat pad (Fig. 2G). In
contrast, ductal morphogenesis was severely disturbed
in the majority of mature mutant mice. The ducts were
distended and had very few side branches. The degree of
failure of normal ductal morphogenesis and branching
varied among the eight animals that were examined be-
tween 2 and 6.5 months of age (Fig. 2C–E). Such variation
in penetrance of the phenotype was also observed in the

Figure 1. Expression profile of C/EBP RNA during mammary
gland development. Northern blot analysis of total RNA from
mammary glands of virgin and pregnant wild-type mice at vari-
ous stages of gestation. The blot was hybridized sequentially
with probes for the indicated genes.
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accumulation of fat and overall wasting of C/EBPb-defi-
cient animals (Tanaka et al. 1997).

Mammary gland development in C/EBPb-deficient
mice carrying wild-type ovaries

Since ovarian function is disrupted in C/EBPb-deficient
mice (Sterneck et al. 1997), we asked whether the per-
turbation of mammary development could be rescued by
wild-type ovary transplants. Ductal morphogenesis in
four mature virgins, which received wild-type ovaries at
the age of 3–4 weeks, was partially restored (Fig. 2F). The
peripheral ducts had more side branches than the ducts
in the center. This result demonstrates that the impaired
development of the mammary gland in virgin C/EBPb-
null mice is in part due to the lack of normal ovarian
function, and confirms the importance of ovarian ste-
roids in pubertal mammary gland development.

To evaluate whether C/EBPb only affects ductal mor-
phogenesis or also controls alveolar development, we
studied mammary structures in pregnant mice (Fig. 3).
At day 18 postcoitum, wild-type glands had undergone
extensive lobuloalveolar growth and were filled with en-
larged alveoli that contain milk (Fig. 3B,D). In contrast,
mammary gland development in C/EBPb-deficient mice

with wild-type ovaries (Fig. 3A,C) resembled that of
wild-type animals at early pregnancy (not shown). Two
distinct lesions were observed. Alveolar density in the
fat pad was severely curbed and little or no alveolar dif-
ferentiation on a histological level was observed (Fig.
3A). Specifically, secretory vesicles and fat globules were
seen in the cytoplasm of wild-type secretory cells (Fig.
3D) but were absent in the null mice (Fig. 3C). These
results demonstrate that alveolar development and dif-
ferentiation of epithelial cells is severely impaired in
pregnant C/EBPb-deficient mice with wild-type ovary
transplants.

Development of C/EBPb-deficient mammary
epithelium in wild-type hosts

To investigate whether the mammary gland phenotype
was caused by impaired epithelial cells or indirect influ-
ences of systemic defects we performed mammary epi-
thelial transplants. Surgical removal of the area between
the nipple and the fat pad at three weeks of age leaves a
fat pad free of the endogenous mammary epithelium. A
small piece of mammary epithelium from another syn-
geneic animal can be implanted and will develop. After
several weeks an entire epithelial tree will grow from the
transplant and penetrate the host fat pad (DeOme et al.
1959). One fat pad per mouse received a small piece of
mutant epithelium, whereas the contralateral fat pad
hosted a control transplant from a wild-type or hemizy-
gous animal. Thus, the transplanted epithelia are ex-
posed to normal circulating hormone levels and wild-
type stroma throughout puberty and pregnancy. Trans-

Figure 3. Alveolar development in C/EBPb-deficient mice car-
rying a wild-type ovary transplant. At day 18 of pregnancy the
mammary gland of C/EBPb-deficient mice (A) is sparsely filled
with underdeveloped alveoli (→). No signs of secretory differ-
entiation are visible at high magnification (C). The mammary
gland of a wild-type mouse (B) is filled with differentiated al-
veoli (→). At high magnification, the expanded lumen (lu) and
fat globules are visible (D).

Figure 2. Whole mount analysis of ductal morphogenesis in
virgin mice. A difference in growth was already detected in
3-week-old females. The ductal tree in wild-type mice (A) is
larger than in C/EBPb-deficient mice (B). The arrow points to
the nipple. (C) An example of extremely disturbed ductal devel-
opment in a 2-month-old C/EBPb-deficient mouse. The pri-
mary ducts appear like large tubes and lack secondary branches
(→). (D) A 3.5-month-old C/EBPb-deficient mouse with very
irregular ducts. Note the expanded balloon-like duct indicated
by the asterix. (E) A 5-month-old C/EBPb-deficient mouse with
almost normal primary ducts that have sparse secondary
branches. (F) A 4-month-old C/EBPb-deficient mouse with
ovary transplant. Ovarian hormones induce formation of sec-
ondary side branches. (G) A 3-month-old wild-type mouse with
fully developed ductal system. Magnification in A–D, 4×; E–G,
13×. (ln) Lymph node.
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plants were harvested from 11 mice after 4 or 8 weeks
and whole mounts were prepared to evaluate the shape
and extent of epithelial outgrowth. Of the seven C/
EBPb-deficient epithelia that were recovered from the
wild-type fat pads, all but one, which looked normal,
produced ducts that were thicker (Fig. 4B) than those
produced by wild-type controls (Fig. 4A) and only three
had filled the fat pad entirely. This result demonstrates
that requirement for C/EBPb in the virgin mammary
gland is cell autonomous and epithelia from C/EBPb-
deficient mice maintain their abnormal growth charac-
teristics even when they develop in a wild-type host un-
der the influence of functional ovaries.

To analyze the development of the epithelial trans-
plants in response to pregnancy hormones, 17 wild-type
hosts were mated and their mammary glands were har-

vested for whole mounts and RNA isolation within 12 hr
after the animals delivered a litter. Again, the develop-
mental state of the C/EBPb-deficient epithelium of term
mice (Fig. 4D) resembled that of wild-type animals at
early pregnancy (not shown). The C/EBPb-deficient al-
veoli were underdeveloped as compared to control wild-
type animals or transplanted wild-type epithelia (Fig.
4C). In histological sections the mutant alveoli appeared
small, the lumina were not expanded, and the epithelial
cells showed no signs of secretory activity (Fig. 4F),
whereas fully differentiated cells were found in trans-
planted hemizygous epithelium (Fig. 4E) and the endog-
enous gland of the host (Fig. 4G). In summary, these data
demonstrate that epithelia from C/EBPb-deficient mice
maintain their abnormal growth characteristics even
when they are embedded in a wild-type fat pad and de-
velop in a wild-type host under the influence of func-
tional ovaries, suggesting that the C/EBPb mutation per-
turbs epithelial cells directly.

Expression of milk protein genes in C/EBPb-deficient
epithelium

To characterize the state of epithelial cell differentiation
and to begin to identify the deficiency of mutant epithe-
lium at the molecular level, we analyzed the expression
of several milk protein genes (Fig. 5). The b-casein and
WAP genes are highly expressed in wild-type mice at day
18 of pregnancy or at day 3 of lactation. However, no

Figure 5. Gene expression in pregnant and lactating tissues.
(A) Northern blot analysis of total RNA from mammary glands
of hemizygous (lane 1) and C/EBPb null mice with wild-type
ovaries (lane 2) at day 18 of pregnancy. Lane 3 represents RNA
from a wild-type mouse on day 3 of lactation. The blot was
hybridized sequentially with probes for the indicated genes. (B)
Northern blot analysis of total RNA derived from mammary
glands of two wild-type host animals at term with epithelial
transplants from a hemizygous donor (lane 1) or a C/EBPb null
donor (lane 2). Lane 3 represents RNA from an unoperated en-
dogenous gland. The blot was analyzed as described in A.

Figure 4. Development of C/EBPb-deficient epithelium in
wild-type stroma. Mammary epithelia from hemizygous (A,C)
and C/EBPb-deficient (B,D) animals were transplanted into fat
pads of 3-week-old wild-type mice and harvested from virgin
mice 8 weeks later (A,B) or after the mice had delivered a litter
(C,D). Note the thick primary ducts (→) and irregular side
branching in the C/EBPb-deficient transplant in the virgin stage
(B). At term, C/EBPb-deficient epithelia (D) have underdevel-
oped small alveoli, whereas the heterozygous transplant (C) fills
the stroma with fully developed alveoli. (E) Histological section
of gland shown in C. (F) Histological section of gland shown in
D. (G) Section through endogenous gland of host animal at term.
Arrows point to alveoli.
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expression of b-casein or WAP mRNA was detected in
mammary tissue from mutant mice at day 18 of preg-
nancy (Fig. 5A). Expression of WDNM1 was barely de-
tectable and at least 100-fold lower than in wild-type
mice (Fig. 5A). As a control for the contribution of epi-
thelium to the RNA samples we assessed the expression
of the epithelial cell specific keratin18 gene (Singer et al.
1986) (Fig. 5A). Similar results were obtained when
mammary glands from wild-type hosts with C/EBPb-de-
ficient epithelial transplants were analyzed (Fig. 5B).
Even at long exposures, no expression of b-casein and
WAP was seen (not shown). Thus, the biochemically un-
differentiated phenotype of mutant glands agrees with
the morphologically immature appearance of C/EBPb-
deficient alveoli.

We also analyzed whether the expression of C/EBPa
was altered in the absence of C/EBPb. C/EBPa mRNA
levels in wild-type mammary glands were significantly
lower than C/EBPb and did not change significantly dur-
ing pregnancy (Fig. 1; Gigliotti and DeWille 1998). The
majority of the transcripts is likely derived from the adi-
pose tissue (Tanaka et al. 1997). In the mammary glands
of C/EBPb-deficient pregnant mice, as well as in glands
of mutant epithelium in wild-type hosts, C/EBPa
mRNA was readily detectable and comparable to the lev-
els detected in control tissue. Similar expression levels
for PPARg2, a marker gene for adipocytes, were also
found in wild-type and C/EBPb-deficient glands (Fig.
5A,B). Thus, the C/EBPb mutation does not affect the
expression of the related C/EBPa gene or a stroma-spe-
cific gene.

Development of wild-type epithelium
in C/EBPb-deficient stroma

C/EBPb is required for the differentiation of adipocytes
(Tanaka et al. 1997) and it is well known that mammary
epithelial development depends on interaction with
appropriate mesenchymal signals (Robinson and Hen-
nighausen 1997). Therefore, we asked whether the
C/EBPb-deficient fat pad contributed to the mammary
gland phenotype of mutant mice. To this aim, wild-type
epithelia were transplanted into cleared fat pads of either
wild-type or C/EBPb-deficient animals. The fat pads
containing the epithelial implants were then trans-
planted into wild-type hosts to eliminate any genotype-
specific systemic effects. The development of wild-type
epithelium in three out of three C/EBPb-deficient fat
pads harvested after 8 weeks was indistinguishable from
that in wild-type fat pads (Fig. 6A,B). To evaluate the
influence of the stroma on alveolar development, four
hosts were mated and mammary tissues were analyzed
immediately after parturition. Extensive lobuloalveolar
development of wild-type epithelium took place in both
wild-type and C/EBPb-deficient fat pads (Fig. 6C,D).
From these observations we conclude that the absence of
C/EBPb from the stromal compartment does not influ-
ence ductal elongation and branching during puberty or
terminal differentiation of secretory epithelial cells.

Cell proliferation is reduced in C/EBPb-deficient
mammary epithelium

The impaired development of C/EBPb-deficient epithe-
lial cells, specifically their reduced density in the mam-
mary fat pad, could be the result of decreased prolifera-
tion rate and/or increased rate of apoptosis. To distin-
guish between these possibilities we injected wild-type
mice carrying epithelial transplants with BrdU at differ-
ent stages of pregnancy. BrdU incorporation as a measure
of epithelial cell proliferation was determined at days 6,
9, 11, 14, and 16 of pregnancy (Fig. 7A). Cell proliferation
was lower in C/EBPb-deficient epithelia throughout
pregnancy. It was significantly reduced at day 6 of preg-
nancy to only 40% of the rate seen in wild-type mice. It
remained lower until day 14 and was significantly re-
duced again on day 16. Adjacent sections were used for
TUNEL analysis to determine the number of apoptotic
cells. Though not statistically significant, the mammary
epithelial apoptotic index in early pregnancy was lower
in C/EBPb-deficient mice than in controls but increased
from day 11 on (Fig. 7B). These results demonstrate that
induction of increased epithelial cell proliferation in
early pregnancy and proliferation at late pregnancy
stages are impaired in the absence of C/EBPb.

Discussion

Mammary gland development during puberty, preg-
nancy, and lactation is regulated by the intricate inter-
action of the female endocrine system, the mammary
gland epithelium, and stroma. The relevance of distinct
genetic pathways for functional mammary gland devel-
opment has been illustrated in mice with targeted mu-
tations in genes from these pathways (for review, see
Hennighausen and Robinson 1998). Using such mouse
models it was possible to link the function of specific
proteins to distinct stages of postnatal mammary devel-
opment. Whereas some gene products, such as the pro-
lactin receptor (PRLR) (Ormandy et al. 1997), the Stat5a
transcription factor (Liu et al. 1997), or the LAR phos-
phatase (Schaapveld et al. 1997), control late stages of

Figure 6. Development of wild-type epithelium in C/EBPb-
deficient stroma. Development of transplanted wild-type epi-
thelia at virgin stage (A,B) and at term (C,D) is the same in
wild-type stroma (A,C) and in C/EBPb-deficient stroma (B,D).
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alveolar proliferation and differentiation during preg-
nancy, others, such as the progesterone receptor (PR) (Ly-
don et al. 1995; Humphreys et al. 1997) and the estrogen
receptor-alpha (ER) (Boccinfuso and Korach 1997; Cunha
et al. 1997), are required during puberty and early preg-
nancy. In addition to steroid and peptide receptors, cell
cycle regulators and transcription factors control alveo-
lar development. The absence of cyclin D1 (Fantl et al.
1995; Sicinski et al. 1995) and a-myb (Toscani et al. 1997)
causes severe underdevelopment of alveoli at term that
has histological resemblance to the defect in C/EBPb-
deficient mice. C/EBPb has now emerged as a critical
component in the control of both proliferation and early
stages of differentiation. The requirement for C/EBPb is
epithelial cell autonomous and in the absence of C/EBPb
only limited proliferation of epithelial cells occurs and
the differentiation program leading to a functional gland
is not executed (Fig. 8). Thus, we propose that C/EBPb
participates in hormonal signaling cascades whose end-
point is the lactating mammary gland.

Systemic vs. mammary intrinsic effects

The mammary gland defect observed in C/EBPb-defi-
cient mice raised the possibility of two distinct mecha-
nisms. In one, ductal morphogenesis depends on the
presence of C/EBPb in mammary tissue. In the other,
ductal development is dependent on secondary systemic
signals that are disrupted by the lack of C/EBPb in en-
docrine tissues. Since C/EBPb-deficient mice display se-
verely impaired reproductive functions (Sterneck et al.
1997), it was necessary to dissect the role(s) of C/EBPb
within the mammary gland from those imposed indi-
rectly through ovarian or other signals. Using ovarian
transplants, with the aim of restoring physiological hor-
mone levels, we could demonstrate that the defects in
ductal morphogenesis observed in mature virgins are
partly of secondary nature and caused by nonfunctional
ovaries. Impaired ductal outgrowth and branching has
also been observed in mice deficient in the estrogen (Boc-
cinfuso and Korach 1997) or progesterone receptor (Ly-
don et al. 1995; Humphreys et al. 1997). This corrobo-
rates the ovarian component of the C/EBPb defect. Al-

though wild-type ovary transplants allow pregnancy to
occur in otherwise sterile mutant females, the develop-
ment of the mammary gland is still severely impaired
with only limited growth and a complete absence of
milk production. Thus, the inability of C/EBPb-deficient
females to sustain their pups postpartum is primarily
caused by mammary gland defects and not simply by
impaired maternal behavior or development of the pups.

Figure 7. Cell proliferation and apoptosis
rates in C/EBPb-deficient mammary epi-
thelium during pregnancy. At the indi-
cated stages of pregnancy mice bearing
contralateral C/EBPb-deficient and con-
trol mammary epithelial transplants were
injected with BrdU and sacrificed 2 hr
later. BrdU labeled nuclei were detected by
immunostaining and apoptotic nuclei
were stained by TUNEL. Between 6000
and 9000 nuclei were counted and the per-
centage of labeled cells was determined.
The mean ± standard deviations were cal-
culated and compared by T test. (*) A P
value of <0.001. Wild-type (open bars) and
C/EBPb-deficient (filled bars) transplants.

Figure 8. Summary of transplantation results. C/EBPb-defi-
cient mammary glands display irregular ductal development in
virgin glands. In contrast, in wild-type virgins the fat pads are
interlaced with regular ducts with small side branches. At term
the wild-type gland is filled with secretory alveoli that produce
milk (open white circles). When C/EBPb-deficient mice receive
an ovarian transplant ductal morphogenesis in virgins re-
sembles more the wild-type phenotype. However, at term the
C/EBPb-deficient glands are sparsely filled with small underde-
veloped alveoli that are unable to produce milk (black full
circles). Development of C/EBPb-deficient epithelia in wild-
type fat pads is inhibited and cannot be rescued by the wild-type
stroma. Wild-type epithelium is able to develop functional al-
veoli also in C/EBPb-deficient stroma. C/EBPb-deficient epi-
thelium (red), C/EBPb-deficient stroma (pink), wild-type epithe-
lium (black), wild-type stroma (yellow).
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However, C/EBPb is also expressed in other organs, such
as the adrenal gland (E. Sterneck, unpubl.), the placenta
(Chen et al. 1995), and possibly the pituitary (Wegner et
al. 1992), which are important for the development of the
lactating mammary gland. Thus, we cannot rule out that
other hormonal defects of the mutants are in part respon-
sible for the impaired development of the mammary
gland.

The development of the mammary gland depends on
coordinated communication between epithelial and stro-
mal cells (Daniel and Silberstein 1987). Because C/EBPb
is critical for the development and differentiation of adi-
pose tissue (Tanaka et al. 1997), it was important to ad-
dress the contribution of the mutant stroma to the mam-
mary gland phenotype. Our transplant experiments dem-
onstrated that the mutant mammary gland fat pad can
support normal development and differentiation of wild-
type mammary epithelia (Fig. 8). Thus, we have ruled out
the stromal component as a leading cause of deficient
mammary gland development in C/EBPb mutant mice.
All of these data establish that C/EBPb deficiency in the
epithelial cell is the cause of the impaired mammary
gland development in C/EBPb mutant mice. Transplant
experiments established that functional C/EBPb is re-
quired in the mammary epithelial cell proper. In sum-
mary, our data show that C/EBPb deficiency in the epi-
thelial cells is the primary cause of the perturbed mam-
mary gland development.

Putative C/EBPb signaling pathways

Experimental evidence from a variety of cell culture sys-
tems has led to the notion that C/EBPb participates in
cellular responses to many different extracellular signals
(for review, see Johnson and Williams 1994). Mammary
gland development is controlled by the systemic steroid
hormones estrogen and progesterone in conjunction
with systemic peptide hormones, including EGF and pro-
lactin (Prl), and paracrine growth regulators (Topper and
Freeman 1980; Hennighausen and Robinson 1998).
Therefore, we suggest that C/EBPb is required for epi-
thelial cells to recognize hormonal signals and/or to ex-
ecute programs initiated by extracellular cues. C/EBPb
may well be the mediator of any individual signaling
pathway or a funnel for several pathways. In the future,
cultures of epithelial cells and analyses of their re-
sponses to various signals may give insight into the spe-
cific molecular mechanisms underlying the mammary
gland phenotype.

At this point, no genuine upstream signals or down-
stream targets of C/EBPb have been identified in vivo.
However, a comparison of the morphological and bio-
chemical characteristics of mammary tissue from C/
EBPb-null mice with those of other engineered mouse
mutants already sheds some light onto putative sus-
pects. Disabling the Prl and JAK2/Stat5a pathway inac-
tivates late stages of mammary gland development and
terminal differentiation is not obtained (Liu et al. 1997;
Ormandy et al. 1997). However, extensive alveolar struc-
tures partially fill the fat pad and the b-casein gene is

expressed at near normal levels (Liu et al. 1997). Simi-
larly, inactivation of the inhibinbB gene inhibits late
stages of functional epithelial differentiation, but the ex-
pression of b-casein is unaffected (Robinson and Hen-
nighausen 1997). Thus, we suggest that C/EBPb is in-
volved in stages prior to PRL or inhibinbB requirement
and functions independently of the JAK2/Stat5a path-
way. The absence of the receptors for estrogen and pro-
gesterone has a more profound consequence on mam-
mary development. ER deficiency leads to severely im-
paired ductal development, and retarded alveolar
development was observed in PR-null mice (Boccinfuso
and Korach 1997; Cunha et al. 1997). It has been shown
that C/EBPb can participate in estrogen signaling by me-
diating repression of the interleukin-6 promoter in breast
tumor derived MCF-7 cells (Stein and Yang 1995; Galien
et al. 1996). Thus, compromised estrogen responses
may be in part responsible for the observed phenotype of
C/EBPb-deficient mammary epithelial cells.

In C/EBPb mutant mice at term expression of the
WAP, WDNM1, or b-casein genes was virtually unde-
tectable, suggesting that they are targets for C/EBPb. We
suggest that the b-casein gene is a direct target, and the
WAP gene is controlled indirectly. The promoter of the
b-casein gene, a major milk protein, contains four C/EBP
binding sites that are required for basal and hormone-
dependent activation of the promoter in tissue culture
(Doppler et al. 1995; Raught et al. 1995). Our in vivo
results corroborate the cell culture results. Based on a
sequence analysis no C/EBP binding site has been iden-
tified in 4 kb of WAP gene promoter sequence, and it is
possible that C/EBPb-deficiency imposes an early block
on epithelial cell differentiation, which in turn could
explain the lack of expression of WAP and WDNM1.
However, because of the relaxed sequence specificity of
C/EBP proteins, direct WAP and WDNM1 promoter
analysis will be required to address the role of C/EBP
proteins in the activation of these genes.

The true target genes that convey the transcriptional
signal from C/EBPb are still elusive. We have demon-
strated reduced proliferation potential of mammary epi-
thelial cells as early as day 6 of gestation. The reduced
number of epithelial cells in term mammary tissue re-
sults from an overall reduced cell proliferation, particu-
larly in early pregnancy, the phase of most rapid growth,
and slightly elevated apoptosis rates in the second half of
pregnancy. This observation may reflect an inability of
the C/EBPb-deficient epithelium to respond efficiently
to signals mediated by the above-mentioned homones.
Many cell culture models have linked members of the
C/EBP family to proliferation, growth arrest, or apopto-
sis (for review, see Johnson and Williams 1994). This
notion raises the possibility that C/EBPb-deficiency im-
poses an early block on epithelial cell differentiation,
such that the stage at which milk protein genes are ex-
pressed is never reached and the lack of milk production
is only an indirect effect of the mutation. This question
can be addressed in the future by the development of a
mouse mutant with a targeted conditional deletion of
the C/EBPb gene at different stages of pregnancy.
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Materials and methods

Mice

The C/EBPb-deficient mice generated by homologous recombi-
nation have been described previously (Sterneck et al. 1997).
Mice of mixed genetic strain background (129/Sv × C57BL/6) or
pure 129/Sv strain background were used for experiments. No
strain-specific differences were noted. Therefore, the strain
backgrounds are not further specified in Results. Homozygous
mutants and control subjects were littermates derived from in-
tercrossing hemizygous parents. The mice were housed and
bred in a specific pathogen-free facility with a 12-hr light cycle
starting at 7:00 a.m. and chow and water ad libidum. Procedures
were conducted in compliance with the guidelines of the Ani-
mals Studies Committee of the National Cancer Institute and
the National Institute of Diabetes, Digestive and Kidney Dis-
eases. For pregnancy stages of mammary glands the mice were
mated and inspected for the presence of vaginal plugs in the
mornings. The day of the vaginal plug was counted as day 0 of
pregnancy.

Whole mounts and histology

The first inguinal glands were dissected at the indicated times
of development and spread on a glass slide. After fixation for 2–4
hr in Carnoy’s fixative the tissues were hydrated and stained in
carmine alum overnight as previously described (Robinson et al.
1995). They were dehydrated, cleared in xylene, and mounted.
After pictures were taken on a stereomicroscope the samples
were embedded in paraffin and sectioned at 5 µm and stained
with hematoxylin and eosin according to standard procedures.

Mammary transplants

Mammary epithelia were transplanted into cleared mammary
fat pads as previously described (Robinson and Hennighausen
1997). For donors of mixed genetic background, the host ani-
mals were F1 hybrid offspring of 129/Sv and C57BL/6 parents.
For clearing of the endogenous mammary epithelium, the tissue
between the nipple and the lymph node was excised from 3-
week-old female mice and a piece of mammary tissue from a
mature virgin donor was implanted into the center of the re-
maining fat pad. The transplanted mammary glands were har-
vested from virgin mice 4 or 8 weeks after the operation. To
obtain transplanted tissues at term, the hosts were mated 8
weeks after they received the transplant and the mammary
glands were harvested the morning after delivery. For transplan-
tations of the entire fat pad 3-week-old mice were used as de-
scribed before (Robinson and Hennighausen 1997). The endog-
enous inguinal fat pad of wild-type mice was removed. Fat pads
of wild-type and C/EBPb-deficient mice with an epithelial
transplant from a wild-type mouse were implanted on opposite
sides and attached to the peritoneum by sutures. The trans-
plants were harvested from virgin mice after 8 weeks or from
term animals as described above.

Ovary transplants

Ovary transplants were performed as described (Sterneck et al.
1997). Briefly, 3- to 4-week-old donor and recipient littermates
were anesthetized with avertin. The ovarian fat pads were
moved outside through a small incision through the skin. The
bursa was opened at one end and the ovary was teased out and
placed into PBS at 37°C. The bursa was held open with tweezers
and the replacement ovary was pushed into the bursa. The
ovary, oviduct, and uterus were then placed back into the body

cavity, making sure that the ovary was fully inserted inside the
bursa. The skin incisions were closed with 9-mm wound clips
and the mice were given appropriate postoperative care. Two
weeks postsurgery the mice were mated.

RNA isolation and Northern blots

RNA from the first inguinal glands was prepared by the acid
guanidinium thiocyanate-phenol-chloroform method (Chom-
czynski and Sacchi 1987) or with RNA STAT-60 reagent (TEL-
TEST ‘‘B,’’ Friendswood, TX) according to the manufacturer’s
protocol. Twenty micrograms of total RNA was separated in
1.5% formaldehyde gels and blotted on GeneScreen mem-
branes. Expression of milk protein RNA was analyzed using
specific oligonucleotides as previously described (Robinson et
al. 1996). Expression of C/EBP genes was analyzed with a DNA
probe to the 38 UTR of the rat C/EBPb gene (Sterneck et al.
1997) and an 850-bp SmaI–HindII fragment representing the 38

UTR of the mouse C/EBPa gene. The probe for keratin 18 was
a 1.1-kb EcoRI cDNA fragment (Singer et al. 1986). PPARg2 was
detected by a 1.5-kb SacI fragment spanning the coding region of
the PPARg2 cDNA [kindly provided by Jeffrey Gimble, Okla-
homa University (Gimble et al. 1996)]. Oligonucleotides were
hybridized at 55°C and cDNA probes were hybridized at 65°C.

Cell proliferation and cell death assays

Two hours before sacrifice, mice were injected with 20 µl/g of
body weight of cell labeling reagent (Amersham cell prolifera-
tion kit). Mammary glands were prepared and fixed in Telly-
esniczky’s solution for 4 hr. The tissues were embedded in par-
affin. For detection of incorporated BrdU 5-µm sections were
processed according to the manufacturer’s instructions (Amer-
sham Life Science). On neighboring sections from the same
samples, apoptotic cells were detected by TUNEL assay as de-
scribed by Humphreys et al. (Humphreys et al. 1996). Between
6000 and 9000 cells were counted from six to eight different
sections of a sample and the means were calculated.
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